In conjunction with ab initio potential energy and dipole moment surfaces for the electronic ground state, we have made a theoretical study of the radiative lifetimes for the hydronium ion 
I. INTRODUCTION
In the Universe, molecules are found in a wide variety of environments: From diffuse interstellar clouds at very low temperatures to the atmospheres of planets, brown dwarfs and cool stars which are significantly hotter. In order to describe the evolution of the diverse, complex environments, it is essential to have realistic predictions of the radiative and cooling properties of the constituent molecules. Such predictions, in turn, require reasonable models for the energetics of each molecular species present.
Although interstellar molecular clouds are usually characterised as cold, they are mostly not fully thermalized. Whether a species attains thermal equilibrium with the environment depends on the radiative lifetimes of its states and the rate of collisional excitations to the states: This is normally characterised by the critical density. In non-thermalized regions, radiative lifetimes are also important for modelling the maser activity observed for many species. The long lifetimes associated with certain excited states can lead to population trapping and non-thermal, inverted distributions. Such unexpected state distributions have been observed for the H + 3 molecule both in space 1,2 and in the laboratory.
3,4
Dissociative recombination of hydronium H 3 O + has been extensively studied in ion storage rings. [5] [6] [7] [8] [9] The lifetimes calculated in the present work suggest that H 3 O + and it isotopologues will exhibit population trapping in a manner similar to that observed for H + 3 in storage rings. Dissociative recombination of hydronium has been postulated as a possible cause of emissions from super-excited water in cometary comae 10 and as the mechanism for a spontaneous infrared water laser.
11
Hydronium and its isotopologues play an important role in planetary and interstellar chemistry. 7, 12 These molecular ions are found to exist abundantly in both diffuse and dense molecular clouds as well as in comae. Moreover, H 3 O + is a water indicator and can be used to estimate water abundances when the direct detection is unfeasible. 
where v 1 , v 2 , v 3 represent the quanta of the stretching motion, v 4 and v 5 are those of the asymmetric bending motion and v 6 is that of the primitive basis set functions for the inversion. In the present work, the maximum polyad number P max (where P ≤ P max ) was set According to our estimations, this should be sufficient to describe the populations of the ro-vibrational states at thermodynamic temperatures up to 200 K. In this work we concentrate on the low energy applications. Higher temperatures would require higher rotational excitations J and therefore more involved calculations.
The lifetimes of the states were computed as
where the summation is taken over all possible final states f with energies lower than that of the given initial state i. The Einstein coefficients (in units of 1/s) are defined as follows:
where h is Planck's constant,ν if (cm −1 ) is the wavenumber of the line, ( The cooling function W (T ) is the total power per unit solid angle emitted by a molecule at temperature T ; it is given by the following expression:
where g i is the nuclear spin statistical weight factor of the state i. In the Boltzmann factor
is the term value of state i and c 2 = hc/k is the second radiation constant (k is the Boltzmann constant). The partition function Q(T ) is defined as
Partition functions were computed for each ion employing the sets of ro-vibrational energies obtained with the chosen basis set.
The same PES and DMS were used for each isotopologue, which means that no allowance was made for the breakdown of the Born-Oppenheimer approximation. substantial, especially between the D 3h (M) and the C 2v (M) isotopologues. In general, isotope substitution in ions often leads to large changes in ro-vibrational intensities. This is because these intensities depend on the components of the electric dipole moment in the molecule-fixed axis system which, by definition, has its origin in the nuclear center-of-mass.
Upon isotopic substitution, the center-of-mass, and thus the origin of the molecule-fixed axis system, are displaced. For a neutral molecule (i.e., a molecule with no net charge) this does not change the dipole moment components but, for an ion, they do (see, for exam- 
The symmetry selection rules for states are now ortho with g ns = 12 whereas B 1 and B 2 states are para with g ns = 6.
III. RESULTS AND DISCUSSION
In order to validate our description of the energetics of H 3 O + and its deuterated isotopologues, we compare in Table I calculated vibrational energies for these molecules with the available, experimentally derived values. In view of the fact that the calculations are based on a purely ab initio PES, the agreement between theory and experiment is excellent.
The results suggest that the ab initio data used in the present work, in conjunction with the variational TROVE solution of the ro-vibrational Schrödinger equation, are more than adequate for obtaining accurate lifetimes of the molecules studied.
In Fig. 1 , we plot the lifetimes calculated for the ro-vibrational states of H 3 O + and its deuterated isotopologues against the associated term valuesẼ (J ≤ 7,Ẽ < 600 cm −1 ). In general, the lifetimes exhibit the expected gradual decrease with increasing term value. The complete list of lifetimes for all four isotopologues are given as supplementary material to this paper. 
has a lifetime of 265 days.
As mentioned above, the symmetry lowering from D 3h (M) to C 2v (M) gives rise to another important effect illustrated in Fig. 2 . For H 3 O + and D 3 O + both the nuclear center-of-mass and the nuclear center-of-charge lie on the C 3 symmetry axis for nuclear geometries with C 3v geometrical symmetry. 67 We take the C 3 axis to be the z axis of the molecule-fixed axis system whose origin, by definition, is at the nuclear center-of-mass. Consequently, at C 3v -symmetry geometries the dipole moment lies along the z axis and its x-and y-components vanish. The non-zero z-component is responsible for the parallel bands in the spectra of these species, including the rotation-inversion band 44 (the pure rotation band is forbidden by symmetry cool the isotopologue in question. Because of this, for example, it is more difficult to cool
IV. CONCLUSIONS
We have carried out a theoretical study of the ro-vibrational states of the hydronium ion H 3 O + and its deuterated isotopologues. Ab initio potential energy and electric dipole moment surfaces were used to calculate ro-vibrational energy levels, corresponding wavefunctions and Einstein coefficients for the low-lying ro-vibrational transitions of these ions.
We have analyzed stability of the ro-vibrational states and computed the radiative lifetimes The results obtained can be used to assess the cooling properties of the hydronium ion in ion storage rings and elsewhere.
